Human fibroblasts grown in vitro as monolayer cultures were "activated" by syngeneic lymphocytes, polymorphonuclear leukocytes, and fibroblasts as well as by allogeneic leukocytes, human embryonic kidney cells, fibroblasts, and thrombocytes. "Activation" was characterized by increased medium acidity, increased glucose uptake, increased lactate LLOGENEIC LEUKOCYTES, in a sense, have A the capacity to activate human connective tissue cells in vitro, causing increased glucose utilization and markedly stimulating hyaluronate formation.1-3 While these experiments mimic some of the circumstances found in human homografts and thus may explain some aspects of transplant rejection phenomena, it is by no means clear that immunological mechanisms need be invoked to explain the data. In extending these observations, it seemed pertinent to examine the capacity of syngeneic leukocytes, nucleated nonleukocytes, and inert crystalline substances to induce the kind of hyperfunction of connective tissue cells described above. If it were shown that an individual's connective tissue cells could be stimulated by his own leukocytes, then these observations would have clear relevance to the proliferative (reparative) phase of inflammation. By the same token, formation, and marked stimulation of hyaluronic acid formation. The "activation" process was blocked by preincubation with actinomycin D, but not by incubation with 2,4 dinitrophenol. "Activated" fibroblasts continued to exhibit increased mucopolysaccharide synthesis for 5 to 28 days following a single exposure to stimulatory materials. a more detailed examination of possible late consequences of leukocyte-fibroblast interaction and a search for the active component of stimulatory leukocytes would be warranted.
A the capacity to activate human connective tissue cells in vitro, causing increased glucose utilization and markedly stimulating hyaluronate formation.1-3 While these experiments mimic some of the circumstances found in human homografts and thus may explain some aspects of transplant rejection phenomena, it is by no means clear that immunological mechanisms need be invoked to explain the data. In extending these observations, it seemed pertinent to examine the capacity of syngeneic leukocytes, nucleated nonleukocytes, and inert crystalline substances to induce the kind of hyperfunction of connective tissue cells described above. If it were shown that an individual's connective tissue cells could be stimulated by his own leukocytes, then these observations would have clear relevance to the proliferative (reparative) phase of inflammation. By the same token, formation, and marked stimulation of hyaluronic acid formation. The "activation" process was blocked by preincubation with actinomycin D, but not by incubation with 2,4 dinitrophenol. "Activated" fibroblasts continued to exhibit increased mucopolysaccharide synthesis for 5 to 28 days following a single exposure to stimulatory materials. a more detailed examination of possible late consequences of leukocyte-fibroblast interaction and a search for the active component of stimulatory leukocytes would be warranted.
This report provides data which show that not only syngeneic leukocytes but also allogeneic kidney cells, allogeneic fibroblasts, syngeneic fibroblasts, and thrombocytes can stimulate fibroblast carbohydrate metabolism, and that the stimulatory effects linger beyond the time of the initial exposure to such "'activator" materials. Studies of the mechanisms underlying ''interaction" phenomena suggest that: ( 1) DNA-mediated synthesis of messenger RNA in the "activated" fibroblast is essential to the realization of "interaction" phenomena, and ( 2 ) the major energy surge from increased oxidation of exogenous glucose is not a prerequisite for increased hyaluronate synthesis.
flask. In experiment E.F., the interaction time was 2 days, and in R.L. it was 1 day (see text).
* I n this and following tables, total HA, pg./flask, is that amount measured in the final medium change removed from the culture at the time of culture harvest and enumeration.
MATERIALS AND METHODS
Preparation, management, enumeration, and sizing of synovial connective tissue cell cultures were carried out as in earlier studies.3-6 Medium glucose was determined by a glucose oxidase method,? and medium hyaluronic acid by measurement of uronic acid with a carbazole reagent after isolation of the polymer.8 Leukocytes were prepared as noted earlier. 3 Crystalline uric acid was prepared by the method of Buchanan et aL9 Lactic acid was measured by a colorimetric method . lo In general, serum dilution bottles were planted with 1.0 X 108 fibroblasts in 10 ml. of medium (10 per cent human serum, 10 per cent fetal calf serum, 80 per cent synthetic medium 1068) and incubated at 37OC with complete medium changes at 2 or 3 day intervals. Foreign materials (live or dead cells, urate, etc.) were added to the fibroblast monolayers on the fifth or sixth day of the growth cycle. Details of individual experimental protocols are best visualized in connection with the descriptive text and tables. The mean values in the tables are derived from three or four flasks, and the absolute range of values found in individual flasks are recorded in parentheses.
RESULTS

Syngeneic Leukocyte-Fibroblast
Interactions When rheumatoid fibroblast monolayer cultures (E.F.-D) * were exposed to frozenthawed leukocytes from the same patient, marked stimulation of hyaluronic acid synthesis was noted (Table 1) . It is pertinent to note that the serum component of the nutrient medium also came from patient E.F. Polymorphonuclear leukocytes and lymphocytes elicited responses of similar dimensions. Cell growth was modestly increased by addition of leukocyte material, and glucose disappearance was accelerated.
Lymphocytes from an allogeneic donor, in media containing an allogeneic human serum, induced increased growth and hyalu- ' The culture designation E.F.-D refers to the fourth ( D ) subculture of fibroblasts from a patient with initials E.F. 2.5 X 1W frozen-thawed fibroblasts from synovial strain C.V., derived from a 93-year-old woman, were added to each of three Wa.K. monolayer cultures.
+This culture (K.P.) was derived from the knee of an 18-year-old male with early rheumatoid spondylitis. The mean values for the various experimental groups in each case were derived from three or four flasks, except for K.P.-G treated with LN and with 0.2 mg. uric acid/ml. where two flasks were used for each group.
$ Normal thrombocytes added to each flask were the yield from 7.5 ml. of blood. Virtually no lymphocytes contaminated the preparation.
ronate synthesis which resembled the findings in the syngeneic combinations. No change in mean cell volume was detected.
A second rheumatoid fibroblast strain from patient R.L., showed a marked increase in HA synthesis rate and disappearance of medium glucose when exposed to syngeneic lymphocytes, but little response to syngeneic PMN leukocytes was noted. Both varieties of leukocytes caused modest stimulation of growth of strain R.L. Mean cell volume showed little change as a consequence of adding dead leukocytes. A third rheumatoid cell strain, from patient P.G.
(not shown in Table l ) , was minimally stimulated by frozen-thawed syngeneic lymphocytes and polymorphonuclear leukocytes. The total hyaluronate synthesis was increased by 1 8 5 6 per cent, and the specific HA synthesis rate was increased by 24-70 per cent. In this experiment, allogeneic lymphocytes and syngeneic PMN leukocytes produced the most marked increases in HA synthesis, syngeneic lymphocytes being least active in this respect.
Egects of Nonleukocyte Particulate
Additives Frozen-thawed cells of a human embryonic kidney strain,' normal allogeneic lymphocytes, and crystalline sodium urate were tested simultaneously on a normal cell strain (Table 2 ). All three additives interfered with culture growth, but it was clear that frozen-thawed kidney cells were at least as potent as frozen-thawed lymphocytes in accelerating glucose uptake and hyaluronate synthesis. Examination of the cultures with polarized light microscopy showed both massive aggregates and myriads of needle-like crystals lying on the cell sheet. A fibroblast strain from a patient with rheumatoid spondylitis (K.P.-G) also failed to exhibit increased hyaluronate synthesis with added uric acid, but responded as expected to normal lymphocytes (LN).
(See Table 2 .) No major alteration in mean cell volume was noted with any of the additives. In another experiment (Wa.K.-C, Table 2 ), it was shown that allogeneic frozen-thawed human fibroblasts are also capable of inducing profound interaction effects resembling those caused by leukocytes. In another experiment (Table 6) , frozen-thawed syngeneic fibroblasts induced a profound interaction effect in sister cultures of identical genetic make-up and culture history. Three separate experiments (one detailed in Table 2 ) showed that viable human thrombocytes spun from huffy coat also possess significant "activator" capability. These data would indicate that the interaction effects noted with leukocytes are not related to characteristics unique to nucleated circulating blood cells. The failure of large quantities of uric acid to duplicate the effects of broken nucleated cells suggests that some property of the cell preparations other than their particulate character was involved in eliciting en- hanced HA synthesis from the fibroblast monolayer.
Post "Interaction" Behavior of Fibroblasts
When it was clear that the immediate biochemical consequences of interaction between allogeneic and syngeneic leukocytes and connective tissue cells were qualitatively similar, "follow-up" experiments were initiated to search for late consequences of a single brief interaction. Control and "interacted" fibroblast cultures were harvested, divided, and subcultured to initiate another growth cycle. It soon became obvious that second generation cultures derived from cells with prior exposure to allogeneic lymphocytes continued to produce hyaluronic acid at an accelerated pace ( Fig. 1 ). Normal fibroblasts (strain Wa.K. ) formed increased amounts of hyaluronate for at least 7 days following cessation of gross contact with leukocytes or their components. The stimulatory effect faded towards the end of the 7 day growth cycle, especially in the case of those cells exposed to nonviable lymphocytes. When these latter cultures were harvested and counted at the end of 7 days, the HA synthesis rate, calculated from the third medium change and cell count, had actually returned to control values. Cultures whose progenitors had been exposed to live allogeneic lymphocytes still exhibited an increase in HA synthesis more than 30 per cent greater than controls. Cultures which had been exposed to lymphocytes proliferated more rapidly, the final cell count being approximately 33 per cent greater than control cultures derived from nontreated forbears.
The syngeneic interaction between rheumatoid fibroblasts R.L. and leukocytes (Table 1) was followed in a similar manner. During the two subcultures following the "interaction," flasks whose progenitors had been exposed to lymphocytes continued to produce more hyaluronate and to exhibit a higher specific HA synthesis rate ( Cell count X duration of last medium change days) 6 Rate = 2). Interestingly, cells derived from PMNtreated cultures, where little interaction effect had been measured initially, were clearly producing more HA than control cultures some 14 days after exposure to the leukocyte material. Figure 2 shows that hyaluronate synthesis was increased by lymphocytes during an initial 24 hour "interaction" period, but the most striking increment occurred another 24 hours later, suggesting that time-dependent modifications of cellular synthetic systems were required. During the 1 day interaction, when medium glucose was not entirely depleted, actual stimulation of cell growth was observed, leukocyte-treated cultures showing final cell counts 19-24 per cent higher than controls.
To further explore the duration of the induced alterations, the syngeneic experiment with strain E.F. (Table 1 ) was observed through four subcultures (28 days) following exposure to leukocyte material (see Fig. 3 ). It is clear from Fig. 3 that growth stimulation was most marked where lymphocytes had been added and that this effect died out with subsequent subcultures. On the other hand, total amount of hyalu- ronate formed and the specific hyaluronate synthesis rate remained higher than control values for the entire follow-up period.
Studies on the Mechanism of "Interaction"
Effects From the data, it appeared that some constituent ( s ) in several varieties of human cell caused living human fibroblasts in monolayer culture to rapidly consume glucose, acidify the medium, markedly stimulate hyaluronic acid formation, and modestly stimulate (or retard) growth. The immunologic relatedness of the interacting cells appeared to be of little consequence. The health of the donors of fibroblasts and other cells did not play a controlling role, and it was not even necessary that the cells added to the fibroblast monolayers be alive.
Although accelerated glucose disappearance from culture medium always accompanied the increased hyaluronate synthesis when fibroblasts were "activated," it is not certain that these two findings are necessarily directly related. On the other hand, it seemed reasonable to suppose that the energy from increased glucose oxidation might be required for increased macromolecule synthesis. To determine whether the large amount of energy available from increased glucose oxidation was essential €or increased hyaluronate synthesis, we exposed appropriate cultures to 2.5 X M 2,4-dinitrophenol, as shown in Table 3 . That this inhibitor of oxidative phosphorylation was effective is suggested by the profound increase in glucose consumption caused by the drug. Addition of frozen-thawed connective tissue cells to the fibroblast monolayer induced the expected increment in HA synthesis, and this increased rate of mucopolysaccharide synthesis was not blocked in any major sense by 2,d-dinitrophenol. It is pertinent to note that the specific rate of HA synthesis per cell was virtually unchanged by the inhibitor, the decrease in total HA formed being largely explained by the decreased number of cells. The data indicate that the energy derived from phosphorylation at the substrate level, hence insensitive to dinitrophenol, is adequate to meet the demands of increased hyaluronate synthesis. Preservation of extracellular macromolecular synthesis in the face of wastage of 85 per cent of the energy available from exogenous glucose (i.e., energy associated with oxidative phosphorylation) suggests that this cell function has high priority when energy resources are restricted. In view of these findings, it seems likely that, while some of the extra energy realized from accelerated glucose utilization serves to support increased hyaluronate synthesis, the major portion must be expended in other ways.
Although increased lactic acid formation is clearly a consequence of fibroblast "activation," it does not account for all of the additional glucose removed from the medium as a result of this process. (See Table Table 3 * 2,4-Dinitrophenol was added to a final medium concentration of 2.5 X 10-4 M.
f The frozen-thawed Wa.K. fibroblasts were from a "normal" strain. Approximately 3.15 X 106 were added to each experimental flask. A saline extract of rheumatoid fibroblast strain R.L. was added in an amount equivalent to 2.8 X 106 cells per flask. amount equivalent to 3.0 X 106 cells per flask. f E.F. extract was a saline extract of rheumatoid 4.) To assess the role of excess lactic acid, cultures were subjected to low pH in one case and excess lactate (neutralized) was added to another group. As shown in Table  5 , excess hydrogen ion had an adverse effect on both cell growth and total HA synthesis, but virtually no effect on the specific rate of hyaluronate formation. Lactate, however, appeared to modestly increase both total hyaluronate synthesis and the specific synthesis rate, although not to the same degree seen in the majority of the interaction experiments. In a second normal cell strain (C.V.-E), the magnitude of the lactate-induced stimulation of hyaluronate synthesis was related to the total amount of lactate added to the culture medium ( Table 5 ) . In experiments not presented in fibroblast strain from patient E.F. added in an detail here, it appears that pyruvate partially mimics lactate, and that 2,4dinitro-phenol does not block the stimulatory effect of either of these substances on hyaluronate synthesis. While it seems likely that the increased amount of lactate from accelerated glycolysis may account for part of the increased HA synthesis following fibroblast "activation," the precise mechanism is as yet uncertain.
In view of an apparent time lag between addition of "activating" substances and the observed effects, the possibility that gene activation might be required was explored.
Since previous experiments had shown human fibroblasts in vitro to be very sensitive (growth inhibition) to actinomycin D, we pretreated the fibroblast cultures for 6 * Cultures were rendered acid by omitting usual addition of Na,C03, thus producing pH of approximately 7.0 (judged by phenol red indicator in media) as opposed to pH 7.4-7.6 under normal conditions. hours with 0.1 pg. actinomycin D/ml. of medium before adding the "activating" lymphocytes. During the 48 hour "interaction" period the actinomycin D was left in contact with the cultures. In an experiment with fibroblast strain K.P.-F (Table  6 ), complete blockade of fibroblast "'activation" was achieved. Of interest is the fact that the antibiotic blocked both increased glucose consumption and increased hyaluronate synthesis by fibroblast cultures exposed to an effective "activator." In the syngeneic interaction between frozenthawed Wa.K. cells and the same strain in monolayer culture, typical "activation" occurred and was blocked by 0.1 pg. actinomycin D/ml. of medium (Table 6 ). The apparent stimulatory effect of actinomycin 39.1-50.0) D alone on the hyaluronate synthesis rate may merely reflect failure of the culture to divide in the presence of the antibiotic. It should be noted that "activation" following actinomycin D gives the same final cell count, glucose uptake rate, total HA, and HA synthesis rate as actinomycin D alone, values quite unlike those found in the unblocked interaction. These experiments provide evidence that nuclear participation by the "activated" fibroblasts is required for "interaction" effects, presumably in the form of synthesis of DNA-dependent ribonucleic acid.
In experiments with two different fibroblast strains, it was possible to demonstrate "activator" substance in medium in which lymphocytes had been incubated for 3 days prior to being added to fibroblast monolayers. In Table 7 , it is clear that media from the lymphocytes which had been incubated in vitro had a stimulatory influence on hyaluronate synthesis, while the cells themselves were without significant influence.
The composition of the materials (s) found in lymphocytes, polymorphonuclear leukocytes, human embryonic kidney cells, and cultured connective tissue cells which induces "activation" of monolayer fibroblast cultures is at present under study. Our early studies demonstrated that frozenthawed lymphocyte preparations, when fresh, were equally as potent as live cells, but tended to lose potency on prolonged storage in the frozen state. In addition, polymorphonuclear leukocytes lose their "activator" substance ( s ) rather quickly after freeze-thawing. It seemed possible that this lability might be attributed to enzymatic destruction of the activator substance following breakdown of cell structure by freeze-thawing.
The proteolytic enzyme pronase partially destroyed thrombocyte "activators" in one experiment, and damaged the activator activity of frozen-thawed fibroblasts in other experiments, suggesting that activator materials are protein in nature. Repeated attempts to "activate" fibroblasts with lysosomes isolated from human leukocytes have not produced clear changes in fibroblast behavior.
DISCUSSION
The inflammatory process resulting from simple tissue injury is initiated by an acute vascular phase ( congestion, stasis, increased vessel permeability) , then progresses rapidly to an exudative phase, (edema, fibrin formation, leukocyte emigration, and phagocytosis), and finally culminates in a reparative stage characterized by fibroblast proliferation, elaboration of ground substance mucopolysaccharide, and finally collagen deposition. Samples of chronically inflammed synovium from patients with rheumatoid arthritis usually exhibit all phases of the inflammatory process in varying proportions. Microscopically, one sees proliferation of synovial lining cells and stronial connective tissue cells and areas of collagen deposition (fibrosis). The adjacent joint cavity, a specialized connective tissue space, contains excessive quantities of underpolymerized hyaluronic acid produced by the synovial tissue.l' Increased mucopolysaccharide synthesis during idammation is not peculiar to synovial membrane, but has been documented in the polyvinyl sponge granuloma,12 and in tissue exhibiting the Shwartzman phen0men0n.l~ The known metabolic abnormalities of rheumatoid synovial inflammation include not only marked overproduction of hyaluronic acid but also greatly accelerated glucose utilization, increased glycolysis, and oxidative metab0li~m.l~
The present experiments simulate rheumatoid synovitis in the sense that the same cellular components were brought together, that is, synovial connective tissue cells, lymphocytes, and polymorphonuclear leukocytes. More importantly, the biochemical consequences of adding leukocytes to fibroblast cultures mimic synovitis with respect to accelerated glucose utilization and to increased hyaluronate synthesis. Viewed in this light, these "interaction" experiments suggest that leukocytes, and indeed many other cell types, bear L(activator" substances capable of causing the fibroblast to initiate some of the synthetic activities characteristic of the reparative phase of inflammation.
"Activation" of fibroblasts in culture by Leukocytes from the fibroblast donor has special significance, since it indicates that histocompatibility is no barrier to the activation phenomenon. A corollary observation would suggest that antigenic heterogeneity among the reactants is not required to initiate fibroblast "activation." This interpretation of the syngeneic experiments presupposes that no significant antigenic alteration of the cultivated fibroblasts occurs during the time required to establish a monolayer culture. There is evidence that certain species-specific antigens remain as stable cell characteristics during in vitro culture,15 but it is also clear that primary cell strains may both gain and lose antigens during the culture process.l6 In short, the syngeneic combination of leukocytes and fibroblasts may be less than truly syngeneic if significant fibroblast antigen alteration occurred during the period of culture development. These theoretical considerations seem less important, however, in view of the potent "activation" of living fibroblasts by frozen-thawed brethren of the same strain and passage status.
Some important characteristics of "activator" substances have been defined by the current experiments. Negative results with uric acid, erythrocytes, and aged PMN extracts suggest that activation requires more than a nonspecific particulate stimulus. The presence of "activators" in media from lymphocyte cultures indicates that these materials are soluble substances secreted by, or leached out of, viable lymphocytes.
Actinomycin D blockade of the activation process suggests that DNA-mediated synthesis of RNA is necessary to bring about hyperfunction of connective tissue cells. This feature in itself may distinguish the "activation" phenomenon described in this report from allogeneic cytotoxicity, since the cytotoxic effect of human lymphocytes on Chang liver cells is apparently not blocked by actinomycin D, 10 pg./rnl.l7 Cellular materials which activated fibroblasts with respect to glucose and hyaluronate metabolism usually altered the growth performance of target fibroblasts as well. In 16 of 21 experiments the final cell count in the "activated" fibroblast population was modestly depressed (about 20 per cent) below control flasks. However, in five experiments, clear stimulation of growth by about the same amount was observed. We have no explanation for these divergent growth responses, although the findings may be analogous to those of Ryan per syngenic lymphocytos, leucocytos polymorphonucleari, e fibroblastos e etiam per allogenic leucocytos, embryonic cellulas renal human, fibroblastos, e thrombocytos. Le "activation" esseva characterisate per un augmentate aciditate del medio, augmentos del acceptation de glucosa, augmentos del formation de lactato, e marcate stimulation del formation de acido hyaluronic. Le process0 del "activation" esseva bloccate per preincubation con actinomycina D sed non per preincubation con 2,Cdinitrophenol. Fibroblastos "activate" continuava exhibir un augmentate synthese de mucopolysaccharidas durante 5 a 28 dies post un sol exposition a materiales stimulatori.
